Enhanced thermal stabihty and spin-lattice relaxation rate of NQCeo inside carbon 

nanotubes 
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We studied the temperature stability of the endohedral fullerene molecule, NQCeo, inside single- 
wall carbon nanotubes using electron spin resonance spectroscopy. We found that the nitrogen 
escapes at higher temperatures in the encapsulated material as compared to its pristine, crystalline 
form. The temperature dependent spin-lattice relaxation time, Ti, of the encapsulated molecule is 
significantly shorter than that of the crystalline material, which is explained by the interaction of 
the nitrogen spin with the conduction electrons of the nanotubes. 

PACS numbers: 73.63.Fg, 72.80.Rj, 76.30.-v 
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I. INTRODUCTION 

Fullerenes encapsulated inside single-wall carbon nan- 
otubes (SWCNTs)!,!! is an interesting molecular nanos- 
tructure as it combines two fundamental forms of carbon. 
The existence of this so-called peapod structure Q in- 
spired a number of fundamental and application oriented 
studies. The growth of peapods was studied with molec- 
ular dynamics simulations Q and the existence of the 
structure was explained by the net energy gain per en- 
capsulated fullerenes [5, q, 0, Hi- Peapods turned out 
to be a model system to study molecular interactions 
such as fullerene polymerization Q and guest-host inter- 
actions [l^l and they are also the precursors to double- 
wall carbon nanotubes [111, [l^l which enabled the growth 
of ^^C isotope enriched inner tubes Concerning ap- 
plications, peapods were found to show ambipolar field 
transistor effect [li^ and modified field emission charac- 
teristics as compared to empty SWCNTs [iB] ■ 

An intriguing class of peapods is that with encapsu- 
lated magnetic fullerenes such as metallofuUerenes with 
magnetic rare-earth ions di], the endohedral NQCeo O, 
and C59N [17]. Peapods with magnetic fullerenes can be 
used to study the electronic properties of the tubes 
and may be suitable for quantum information processing 
[Tsl [T9I and they are thought to be good candidates for 
magnetic force microscopy cantilevers. The endohedral 
NQCgo fullerene is itself a unique molecule as it contains 
an atomic nitrogen in the electron spin S=3/2 configura- 
tion (20| . The atomic nitrogen weakly interacts with its 
environment resulting in long electron spin-lattice relax- 
ation times, Tis [2l|. However, the NQCgo molecule is 
very sensitive to temperature and annealing to ^ 500 K 
was reported to irreversibly destroy it through the escape 
of the nitrogen [22| . This fact motivated us to study the 
temperature stability of NQCgo when it is encapsulated 
inside SWCNTs. The modification to the electronic state 
of the molecule upon encapsulation is also of interest as 



it can yield information about the fuUerene-tube inter- 
action and about the electronic structure of the tubes 
themselves. 

Here, we report on high temperature electron-spin res- 
onance (ESR) spectroscopy on the encapsulated NQCgo- 
We find that the molecule decays much slower than its 
pristine counterpart in the crystalline form, which in- 
dicates that the presence of the nanotubes stabilize the 
molecule. Ti of NQCgo in the peapod form is significantly 
shorter than in the crystalline form due to the interaction 
with the conduction electrons on the nanotubes. 



II. EXPERIMENTAL 

We prepared peapods from commercial purified SWC- 
NTs (Nanocarblab, Moscow, Russia, purity 50 wt%) and 
N@C6o:C6o fullerenes with an NQCeo concentration of 
400 ppm. The endohedral fullerene was produced by 
the N implantation method [l^l followed by high per- 
formance liquid chromatography, which purifies and con- 
centrates the material. A suspension of SWCNT in 
toluene containing dissolved N@C6o:C6o was sonicated 
for 2 hours, filtered with a 0.4 micron pore size filter and 
dried at room temperature to obtain samples in the form 
of bucky-papers. Raman, electron-energy loss spectro- 
scopies, and X-ray diffraction studies indicate that siz- 
able filling can be obtained with this route [l^. After 
degassing at room temperature, the bucky-paper sam- 
ples were ground to enable penetration of the exciting 
microwaves and to avoid microwave losses. In the follow- 
ing, we refer to the starting N@C6o:C6o as "crystalline" 
and to the encapsulated material as "peapod". Both 
kinds of samples were sealed in quartz tubes under He at- 
mosphere. Experiments were carried out using a Bruker 
Elexsys E500 spectrometer with a TEOll microwave cav- 
ity equipped with gas-flow inserts for the low (5-300 K) 
and high (300-620 K) temperature measurements. The 
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FIG. 1: ESR spectra of the crystalline (a) and peapod (b) 
N@C6o:C6o multiplied by the temperature. The data are 
shown on different scales for the two kinds of materials. Note 
the magnified vertical scale for the high temperature data. 
Solid curves are fit to the data. 
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FIG. 2: Temperature dependence of the number of NQCeo 
spins, N{T) normalized to the 400 K values, O- crystalline, 
■ : peapod. The longer averaged data for the peapod material 
at 580, 600, and 620 K are shown with asterisks. Dashed curve 
shows similar measurements on the crystalline material from 
Ref. [2^ . Note the logarithmic vertical scale. 



ESR signal intensity, which is proportional to the number 
of spins observed, was determined by fitting Lorcntzian 
curves to the data. 



III. RESULTS AND DISCUSSION 

The ESR spectra of the crystalline and peapod 
N@C6o:C6o materials are shown for different tempera- 
tures in Fig. [TJ A triplet signal, which is characteristic 
for the hyperfine interaction of the N spins with the ^^N 
nucleus with nuclear spin / = 1 is observed for both 
kinds of samples. The three unpaired electrons on the 
2p^ nitrogen atomic orbitals are in a high spin, S=3/2 
state configuration. The zero-field splitting of the elec- 
tron Zeeman levels is small due to the high symmetry 
of the fuUerene cage and it can be observed in spin-echo 
ESR experiments only [23j . The isotropic nuclear hy- 
perfine coupHng, Also = 0.565 mT of NQCgo is uniquely 
large due to the compression of the nitrogen orbitals, 
which unambiguously identifies the observation of this 
molecule 

Besides the triplet, the peapod spectra contains a 
broad background (not shown) due to the inevitable pres- 
ence of ferromagnetic Ni:Y catalysts in the SWCNT sam- 
ples. However, the peapod spectrum does not contain 
any impurity line around g = 2 as observed in the early 



studies [T^, which attests the high SWCNT sample pu- 
rity. The ESR signal intensity observed for the peapod 
sample was compared to that in the crystalline sample, 
which enables to determine the amount of NQCgo in the 
peapods. We found that fuUerene content in the peapod 
is 2-3 weight-percent, in agreement with the previous 
studies 

The number of NQCeo spins, N{T), is proportional to 
the product of the ESR signal intensity and the temper- 
ature as the magnetic susceptibility of the N@C6o spins 
follows a Curie temperature dependence. Since we are 
interested in the change of N{T) as a function of tem- 
perature, normalizing it to a well defined temperature 
value allows a precise monitoring of the decay of NQCgo- 
In Fig. [21, we show the temperature dependence of the 
number of NQCgo spins in both kinds of samples normal- 
ized to the value at 400 K. For comparison, we show the 
corresponding data from Ref. . The annealing speed 
was 90 s/2 Kjthat is identical to the heating protocol 
used in Ref. At 580, 600, and 620 K, we performed 
longer data acquisition thus less temperature points were 
taken to maintain the annealing protocol. We observe a 
clear drop in the number of NQCeo for the crystalline ma- 
terial when heated above ~ 550 K. However, we observe 
that the decay is less sharp and that it occurs at about 50 
K higher temperature than that observed previously [2^ . 
We have no clear explanation for this difference between 
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ours and the previous studies. We carefully checked our 
thermometry and we used a large flux of exchange gas. 
In addition, ex-situ annealing, i.e. heating both samples 
outside the ESR cavity in a furnace while approximately 
following the above annealing protocol, gave identical de- 
cay curves as the in-situ result. 

The important observation is that the number of 
NQCgo does not decay in the peapod sample as fast as 
in the crystalline material. We observe about relatively 
three times as much NOCeo in the peapod material at 
620 K than in the crystalline material. This effect is also 
apparent in Fig. [1] where the corresponding spectra 
are shown. Although the noise in the peapod data lim- 
its the conclusions, the decay of NQCgo appears to start 
already at 500 K but there is no sharp decay such as 
that observed for the crystalline material. The amount 
of NCSCeo decreases rather smoothly with increasing tem- 
perature, however we could not follow this above 620 K 
due to technical limitations. 

In the following, we discuss the origin of the enhanced 
thermal stability of NQCgo inside nanotubes. It was pro- 
posed in Ref. that the atomic nitrogen escapes from 
the fuUerene cage by forming bonds with two neighboring 
carbon atoms from the inside and by swinging through 
the bonds to the outside of the fuUerene. This was sup- 
ported by the observation of enhanced stability of the 
encaged nitrogen when the fuUerene was functionalized, 
which effectively suppresses the probability of this es- 
cape path. Ab-initio electronic structure calculations 
on the peapods indicate a hybridization of the orbitals 
on the fuUerenes and the nanotubes [8]. Raman spec- 
troscopy on the peapods provided experimental evidence 
for hybridization and a partial charge transfer between 
the nanotubes and the fuUerenes We suggest that 
these effects suppress the inside-the-cage bond formation 
for the peapod NQCgo similar to functionalization of the 
molecules. 

In addition to the modified electronic structure of 
fuUerenes, the peapod geometry may also play a role 
in the enhanced thermal stability of NQCgo- The one- 
dimensional lattice constant of fuUerenes inside the tubes 
is 0.97 nm [24] that is about half-way between the 1.002 
nm fuUerene-fuUerene spacing in cr yst alline Cgo f25| and 
0.961 nm for polymerized fee Ceo The eight voids 

between the fuUerenes and the host nanotube wall are 
significantly smaller than the so-called octahedral and 
tetrahedral voids in crystalline Ceo • This, combined with 
the hindered rotation of the fuUerenes [I4I , probably lim- 
its the above described escape process of nitrogen sim- 
ply by geometrically limiting the available room for the 
above described swinging-out process. For both mecha- 
nisms, the Gaussian distribution of tube diameters with 
an average of 1.4 nm and 0.1 nm variance explains why 
the thermally induced decay of NQCeo is spread out in 
temperature: we expect that both the electronic modi- 
fication of the fuUerenes through the fuUerene-nanotube 
interaction and also the geometrical effect are strongly 
influenced by the diameter of the host tubes. 
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FIG. 3: Saturation curves of NQCeo and peapod NQCeo at 
300 K. The ESR intensities are divided by the microwave 
magnetic field, Bi and are normalized to the values at the 
lowest power. Solid curves are calculated saturation curves 
with Eq. [1] and the parameters given in Table U Note 
that the solid curve for the crystalline material is calculated 
with relaxation times determined in spin-echo measurements 
in Ref. [3 with no further adjustable parameters. 

In general, the spin-lattice relaxation time of a para- 
magnetic spin can be used to study the electronic struc- 
ture of its environment. Well known example of this is 
the Korringa-relaxation, i.e. 1/TiT =const. of nuclear 
spins when these are embedded in metals (27| . In our 
case, the Ti of encapsulated NQCeo can be studied using 
saturated ESR measurement [l^. In this method, the 
ESR signal intensity is progressively saturated upon in- 
creasingmicrowave power and the ESR signal intensity 
follows [Hill: 

S{p) cx ^ = (1) 

Vl + CQj^pT,T2 

where 7c/27r — 28.0 GHz/T is the electron gyromagnetic 
ratio, p is the microwave power, T2 is the spin-spin re- 
laxation time of the individual spin-packets, C is a con- 
stant which depends on the microwave cavity mode with 
quality factor Q and describes how large microwave mag- 
netic field, Bi — \JCQp, is produced for a power of p. 
Taking into account that only one of the two circularly 
polarized magnetic field components of the linearly po- 
larized field is ESR active we obtain for the TEOll cavity 
C = 2.2 • 10-i2tVW m. In Fig. O we show the sat- 
urated ESR results for the crystalline and the peapod 
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Ti [^s] T2 [/is] 100 

crystalline [18] 120 5 
peapod 13 13 



TABLE I: Room temperature spin-lattice and spin-spin relax- 
ation times for the crystalline and peapod materials used to 
calculate the saturated ESR data. We used the experimental 
quality factors of Q = 3000 and 2000 for the crystalline and 
peapod materials, respectively. The T2 — 5 us of the crys- 
talline material was obtained for our 400 ppm sample from 
the T2 = 20 fj,s for a 100 ppm N@C6o:C6o sample. 



material at 300 K. 

Clearly, the ESR signal of the peapod material sat- 
urates at larger microwave powers, which indicates a 
shorter Ti relaxation time. To obtain Ti values from the 
saturation curves using Eq. (TJ the value for T2 has to be 
known. T2 is the spin-spin relaxation time of individual 
spin-packets that is given by the dipolar interaction of 
like-spins provided Ti is long enough and does not give 
a homogeneous broadening [3^. If this is the case, T2 
can be determined from the dipolar interaction strength 
of the like-spins and is inversely proportional to their 
concentration. T2 = 5 ^s is obtained for the 400 ppm 
N@C6o:C6o crystalline material from the T2 = 20 /is for 
a 100 ppm N@C6o:C6o sample As shown in Ta- 

ble HI, Ti is much longer for the crystalline material so 
no homogeneous broadening of the spin-packets occurs. 
This situation is reversed for the peapod material: the 
low concentration of the like nitrogen spins would give a 
long T2 ~ 250 /xs based on the ^ 2 % fuUerene weight 
percentage in the peapod. However, Ti is shorter than 
that value, which gives a homogeneous broadening of the 
individual spin-packets and sets Ti = T2. As we show 
below, this holds down to the lowest temperatures. It 
is interesting to note here, that a similar situation was 
encountered for another diluted magnetic fuUerene pea- 
pod system, the CsgNiCeo, where the rapid Ti relaxation 
causes a homogeneous broadening [l3| . 

We show the simulated saturation curves in Fig. [31 
with the parameters given in Table HI The excellent 
agreement for the measured and calculated saturation 
curves for the crystalline material shows that the satu- 
rated ESR measurement can be used to determine values 
for Ti and T2, although it lacks the direct access to these 
values such as the spin-echo ESR method. It thus justi- 
fies the use of the saturated ESR method to determine 
the Ti and T2 values for the peapod system as well. 

We determined the temperature dependence of Ti from 
the saturated ESR measurements in the 10-80 K tem- 
perature range in addition to the 300 K data. Measure- 
ments at other temperatures were hindered by spectrom- 
eter stability. We show the 1 /Ti data in Fig. S] for the 
peapod material. We also show the same data for the 
crystalline material from Ref. [2l[. The 1/Ti spin-lattice 
relaxation rate is roughly one order of magnitude larger 
for the peapod material than for the crystalline at room 
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FIG. 4: Temperature dependence of the spin-lattice relax- 
ation rate, l/Ti, for peapod NQCeo- We show the correspond- 
ing data for the crystalline material from Ref. [2l| ] magnified 
by 10 with a dashed curve. Solid line is a guide to the eye. 



temperature. It is even larger at 10 K for the peapod 
than the corresponding value for the crystalline material. 
The temperature dependence of 1/Ti is also different for 
the two kinds of compounds: for the peapod it decreases 
with temperature to a residual value, whereas it vanishes 
exponentially for the crystalline material [2lj . It was pro- 
posed in Ref. that Ti in crystalline NQCeo is given 
by the quantum oscillator motion of the encaged nitro- 
gen through the modulation of the hyperfine field, which 
results in the exponential freezing-out of the relaxation 
rate. 

The enhanced relaxation rate in the peapod material 
is given by additional relaxation mechanisms. We expect 
that the hyperfine relaxation is not significantly different 
in the peapod material as the isotropic hyperfine cou- 
pling is unchanged. In addition, the altered rotational 
dynamics of the molecule inside the tubes cannot have a 
significant effect on the hyperfine relaxation, contrary to 
that was concluded previously [3l| . Possible mechanisms 
for the relaxation are coupling to conduction electrons on 
the tubes and paramagnetic relaxation from defects on 
the tubes and from the transition metal catalyst parti- 
cles, which are inevitably present in the nanotube sam- 
ples. The latter relaxation mechanism could explain the 
presence of the residual relaxation rate as it is inversely 
proportional to the temperature (soj . This contribution 
is expected to be negligible at room temperature, there- 
fore the factor 10 enhancement of the room temperature 
relaxation rate for the peapod is suggested to originate 
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from the coupling of the nitrogen spins to the conduction 
electrons on the tubes, i.e. from a Korringa relaxation. It 
is important to note here, that we do not observe a multi- 
component saturation, i.e. there seems to be a single Ti 
time for the encapsulated NQCgo. 

An approximate value for the Korringa-relaxation re- 
lated relaxation rate is obtained from the 90 % of the 
room temperature l/Ti value, that gives 1/Ti(300 K) — 
0.24 ms^^K^^. The theory of Korringa relaxation can 
be used to obtain the J = 0.9 meV coupling constant 
between the localized spins and the conduction electrons 



(2) 

where n{Ep) = 0.014 states/eV/atom is the DOS at the 
Fermi level for a d « 1.4 nm metallic tube in the tight- 
binding approximation [33 |. The current value of J is 
significantly lower than the J = 11 meV found for the 
coupling of CsgN spins and the itinerant electrons on the 
nanotubes. This difference originates from the encaged 
nature of the nitrogen spins for NQCgo. Nevertheless, 
the above mentioned uniformity of the saturation curves 
suggests that only one kind of nanotubes, namely metal- 
lic ones are detected using magnetic resonance, which 
confirms the earlier observations using NMR |33| and 
ESR 17]. The fact that the spin-lattice relaxation rate 
of NQCgo remains finite at the lowest temperature puts 



a severe limit on the applicability of the NCgo peapod 
system for quantum information processing. 

IV. CONCLUSIONS 

In summary, we found that the NQCgo molecule is 
more stable in peapod than in crystalline form. This was 
suggested to result from the modified electronic structure 
of fuUerenes inside the tubes or alternatively from the 
compact packing of the fuUerenes inside the nanotubes. 
The spin-lattice relaxation time of the NQCgo spins is 
much shorter in the peapod form due to the interaction 
with the electrons on the nanotubes. This indicates a 
finite density of states at the Fermi level of most of the 
nanotubes. 
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